Abstract: An engineered passive system was constructed to address the longterm post closure management of mining influenced water (MIW) from a backfilled open pit and two capped heap leach pads. The system design includes a sulfate reducing bioreactor (SRBR) which uses natural microbial processes to remove heavy metals and adjust pH. The MIW is first routed through two SRBRs, plumbed in parallel; the flow from the two SRBRs is subsequently polished in an aerobic free water surface wetland. The system was designed based on experience gained from operating a pilot-scale system and bench tests.
Introduction
The Haile Mine site is located in Lancaster County, South Carolina, approximately three miles north of Kershaw in the north central part of the state (Fig. 1) . Gold has been mined in the region since the early 1800s. With its history dating back to 1827, the Haile Mine is the second oldest significant gold mine in the southeastern United States. Historic mining began with the recovery of placer gold from the gravel deposits of Haile Gold Mine Creek and advanced into small open pits during the 1830s and 1840s. Haile produced sulfur for explosives and medicines during the civil war until portions of the mine buildings were burned to the ground in 1865 by Since then, various site reclamation activities have successfully reclaimed both modern facilities and historic mining features that predate the first modern-day production in 1985. These reclamation/closure activities include backfilling depleted open pits and capping rock dumps.
However, the mine may yet re-open in response to a spike in metals prices and the results of an on-going exploration program undertaken by its current owner, Romarco Minerals Inc.
(Romarco) based in Toronto, Canada. Current mining plans include developing potential gold reserves directly beneath the passive treatment system which would result in its decommissioning and dismantling.
Following the latest episode of site closure work, mining influenced water (MIW) requiring treatment originated from three sources (see Fig. 2 The MIW from these three closed facilities drains by gravity through buried pipelines and commingles prior to entering an engineered passive sulfate reducing bioreactor (SRBR) system whose design was based on bench and pilot scale tests. The peak MIW flow rate from the three closed facilities was expected to be approximately 23 L/min (6 gpm). The actual combined flow rates for the past five years have varied from 12.1 to28.4 L/min, averaging 21.2 L/min (5.6 gpm).
The passive SRBR system was designed to produce water that is consistent with overall site closure plans. Note that the passive SRBR system is not a "stand-alone" closure technique, but rather an integral component of the overall site closure water management plan to achieve minimized flows from capped and closed facilities.
Water Quality and Quantity
The water quality of flows from the Chase Hill Pit, Chase Hill Pad, and South Pad is shown in Table 1 ; flow rates vary among the water sources. that the mass contribution from the Chase Hill Pad was significantly reduced when a geomembrane cap was installed over it, coincidentally completed when the passive treatment system was commissioned.
System Layout
Design of the passive SRBR system was based on the performance of a 2.5 year pilot-scale test and was further supported by two supplemental bench-scale studies. The design was A schematic of the system is provided on Fig. 3 . Note that the vegetation drawn on the surfaces of the two SRBRs is slightly different in Fig. 3 . The South SRBR plant community is Figure 3 . System Schematic Layout dominated by willows (salix); the North SRBR plant community appears to be dominated by cattails (typha). These supposedly minor differences may account for significant variations in the relative performance of the two SRBRs. The colonization by neither of these two plant communities was intentional; their establishment occurred on a volunteer basis.
The pilot sulfate reducing bioreactor (SRBR) cell test results (Golder, 2004) demonstrated that the system has resiliency during extended periods of overloading. In the 4.5 years of actual operation, the system does not appear to have been exposed to overloading conditions. If anything, the system appears to be under-loaded with respect to its design conditions as suggested in Table 1 and subsequent performance data.
Sulfate Reducing Bioreactor Design
The design objectives of the SRBR cells included accommodating and managing about 22.7 L/min (6 gpm) of combined MIW flow, operating continually without pumps and allowing periodic (multiple decade) major maintenance operations. The SRBR cell design criteria were established in bench-and pilot-scale tests. These include satisfying a volumetric metal loading factor of 0.3 moles of metal loading per day per cubic meter of organic substrate (Wildeman et al., 1993) , and a bottom area hydraulic loading factor of about 87.2 m 2 per L/min (3,550 square feet per gpm) of flow based on the findings of bench and pilot studies (Golder, 2004) . Installing just 0.915 m (3 ft) of organic substrate would have satisfied the metal loading design criteria. To be conservative and to prolong the interval between major SRBR retrofitting/substrate replacement, the actual installed organic substrate thickness was 1.68 m (5.5 ft). Thus, if the design water chemistry and design flow rates were maintained, the volumetric loading "as-built" would be about 0.16 moles of metal/day/m 3 . Design issues typically included in SRBR based systems are discussed in Gusek (2002) .
The ratio of components in the organic substrate mixture as cited in Golder, 2004 was changed just prior to construction in response to localized procurement shortages. The final substrate mixture is provided in Table 2 .
To minimize earthwork, provide for future maintenance, and conform to the existing surface contours at the proposed site, the SRBR treatment capacity required was allocated equally between two individual cells which were subsequently operated in parallel. Each cell was designed to accommodate a nominal flow of 11.4 L/min (3 gpm); however, as demonstrated in the pilot test program, each cell could handle as much as three times that MIW flow for an extended period with a small decrease in removal efficiency. 
System Commissioning
The passive SRBR system was commissioned in stages. The first stage involved the sporadic pumping to fill the aeration cells in order to maintain the wetland type vegetation plantings. This was accomplished with portable pumps using water from Haile Mine Creek, only in the minimum amount required to keep the vegetation viable. The SRBR cells were commissioned in the next phase when they were filled with water from the Chase Hill Pit and were allowed to stand for a week with no flow. This allowed incubation of the sulfate reducing bacteria and the suite of cellulose-degrading bacteria to occur. After a week, flow to the cells was initiated at the full design rate of about 11.3 L/min (~3 gpm) per cell.
The final aeration cell effluent was monitored and pumped to the Haile Site lime dosing plant holding pond; eventually, the SRBR system effluent would be dispersed in an infiltration trench.
Installing this structure was placed on hold while assessments to re-open the mine were underway. Samples were collected by mine personnel on a regular schedule and the data The data in Fig. 7 suggest that the pH improvements were relatively insensitive to seasonal changes for the five years the SRBR system has been in operation. The rise in Aeration Cell pH compared to either of the SRBR cell effluents would suggest that excess alkalinity in the SRBR effluent (typically about 800 mg/L for the SRBR) provided a consistent buffering effect. In comparison, the average net alkalinity in the Aeration Cell was about 583 mg/L. It is curious to note that the relative difference in sulfate concentration between the influent and the SRBR effluent is about 300 mg/L in the first year of operation. Subsequent yearly peak data suggest differences up to about 900 mg/L. However, when this data is synthesized with volumetric loading, as plotted in Figure 6 , the data trends are far less noisy. 
Construction and Projected Life Cycle Costs
Since its construction, records show that the Haile Mine passive SRBR system has treated about 45,800 cubic meters (12.1 million gallons) of MIW. Available records show a construction cost of about $170,000. Not including engineering and permitting costs, the unit cost of treatment is about $3.71 per m 3 or $0.14 per thousand gallons. This number will continue to decrease as the system ages and the maintenance requirements continue to be insignificant, i.e., periodic sampling and analysis. If the SRBRs were operated to the projected retrofitting date in about 2055 and the flow and chemistry continue as shown in Table 2 , the undiscounted unit price of treatment would be about $0.31 per m 3 .
Concluding Remarks
Since mid-2005, the Haile Mine passive SRBR system has functioned 24 hours a day, seven days a week without interruption and has met the goals of its designers and owners. As the mine approaches a potential re-birth, this technologic remedy may be decommissioned. However, the system's performance has demonstrated that the technology is capable of cost-effectively treating residual MIW.
